Alterations in appetite hormones favoring increased postprandial satiety have been implicated in both the glycemic control and potential weight-loss benefits of a low-glycemic diet. Racial differences exist in dietary glycemic load and appetite hormone concentrations. This study examined the impact of glycemic load on appetite hormones in 20 black women [10 normal weight, BMI = 22.8 6 1.42 (mean 6 SD); 10 obese, BMI = 35.1 6 2.77] and 20 white women (10 normal weight, BMI = 22.9 6 1.45; 10 obese, BMI = 34.3 6 2.77). Each woman completed two 4.5-d weight-maintenance, mixedmacronutrient, high-glycemic vs. low-glycemic load diets that concluded with a test meal of identical composition. Blood samples collected before and serially for 3 h after each test meal were assayed for plasma ghrelin and serum insulin and glucose concentrations. Compared with the high-glycemic load meal, the low-glycemic load meal was associated with lower insulin AUC (P = 0.02), glucose AUC (P = 0.01), and urge to eat ratings (P = 0.05) but with higher ghrelin AUC (P = 0.008).
Introduction
Consumption of a diet that is low in glycemic load is recognized as a useful tool for glycemic control in diabetes and has been linked with positive cardiovascular health outcomes (1-3) and indicators such as improved blood lipids and insulin sensitivity (4, 5) . These benefits are not universal, however. Individual differences in response to a low-glycemic load can reflect underlying variability in response to a single food with a specific glycemic index (6) . In addition, the response to a low-glycemic load can vary according to an individual's level of glucose impairment (7) . Racial/ethnic differences also may be important to consider because of underlying differences in disease risk (8, 9) and differences in chronic exposure to a high dietary glycemic load (9) (10) (11) .
Some studies suggest a role for low-glycemic load in weight loss in overweight or obese individuals (12) . The weight loss potential of a low-glycemic load diet is ascribed to the cumulative effects of low-glycemic load meals on postprandial satiety and subsequent food intake (13) (14) (15) . The mechanisms linking low-glycemic load with increased satiety are thought to include alterations in appetite-regulating hormones. For example, glycemic load has been shown to affect ghrelin (16, 17) , glucagon-like peptide-1, and cholecystokinin (16) (17) (18) but not peptide-YY (19) .
Ghrelin is a gut-derived hormone that plays a major role in meal initiation (20) and nutrient sensing (21, 22) . Food intake suppresses the plasma ghrelin concentration and this suppression is blunted in obese compared with normal-weight (23, 24) and black compared with white individuals (25, 26) . In addition, ghrelin is sensitive to macronutrient manipulation, tending to be suppressed to a greater extent by carbohydrate than protein or fat in the early postprandial period (0-2 h) and by protein more than carbohydrate or fat in the later postprandial period (2-6 h) (27) (28) (29) . The ghrelin response to whole food challenges that differ in glycemic load has been examined in a case study (16) and cross-sectionally (30) . The current study is the first, to our knowledge, to examine the impact of glycemic load on postprandial ghrelin using a within-subject design.
The purpose of this study was to evaluate the effect of glycemic load on fasting and postprandial concentrations of ghrelin, insulin, and glucose in obese and normal-weight black and white women. We expected to find blunted ghrelin suppression and greater postprandial insulin and glucose responses in obese compared with normal-weight women. We hypothesized that postprandial ghrelin suppression would be greater and postprandial insulin and glucose responses would be lesser following a low-glycemic compared with a high-glycemic load meal. In addition, we hypothesized that these glycemic load effects would be more pronounced in white compared with black women.
Materials and Methods
Participants. Women who self-identified as non-Hispanic black (hereafter, black) and non-Hispanic white (hereafter, white) and who were age $18 y were eligible to participate. The study exclusion criteria were: lactating, pregnant, or planned pregnancy in the next 6 wk; self-reported history of diabetes or other metabolic disorder; current use of medications that influenced appetite or that had substantial weight gain or loss side effects; BMI not within the range for "normal" (18.5-24.9 kg/m 2 ) or "obese" (Class I or II, 30-39.9 kg/m 2 ); unable or unwilling to eat animalderived foods; or current exercise routine involving vigorous activity $3 times/wk. Using printed advertisements and by word-of-mouth, 40 women (20 black, 20 white; 10 normal weight and 10 obese per racial group) were recruited from the local community and completed the study. The participants received monetary compensation for completing each outpatient diet and test meal and a bonus for completing all studyrelated activities in full. White participants were recruited to match black participants on the basis of BMI (62 kg/m 2 ) and age (62 y). The Institutional Review Board of the University of North Carolina at Chapel Hill approved the protocol for this study and each participant provided written consent.
Design and procedures. Each participant completed a screening visit during which height and weight were obtained and a fasting blood sample was drawn to determine prestudy glucose and insulin concentrations. Thereafter, each participant was evaluated under 2 conditions, which were separated by a minimum 1-wk washout period. The condition order was counterbalanced across participants. Each of the 2 conditions began with a preliminary 4-d outpatient dietary preload. To reduce the likelihood of drop-out, the study dietitian interviewed each participant for food allergies and aversions and adjusted the outpatient meal plans accordingly. The conditions were matched for macronutrient composition (55% carbohydrate, 30% fat, and 15% protein) but differed in glycemic load (high vs. low). Each condition concluded with an overnight fast in the Clinical and Translational Research Center followed by a morning test breakfast meal, which was either high or low in glycemic load to reflect the composition of the preceding 4-d outpatient diet (Supplemental Table 1 ).
Participants were allotted 20 min to complete each test meal, and time zero of the postprandial period occurred at the conclusion of that 20-min period. Before the meal (220 min) and at postprandial min 30, 60, 90, 105, 120, 135, 150, and 180, blood samples were obtained via an indwelling i.v. catheter. Blood samples were immediately processed and stored at 2808C for later assay. Samples collected at min 30 were assayed for insulin and glucose but not ghrelin, because the ghrelin nadir value was expected at a later time point. In addition, using visual analogue scales (31) before and at 0, 30, 60, 120, and 180 min after each meal, participants rated various aspects of subjective appetite (hunger; fullness; urge to eat; and desire to eat sweet, salty, fatty, or savory foods) as well as meal characteristics (visual appeal, smell, taste, aftertaste, palatability).
Composition of outpatient diets and test meals. The specific details of the study meals and outpatient protocol are described elsewhere (19) . Briefly, glycemic load values were derived using The Food Processor SQL (version 10.2.0.0, ESHA Research) and outpatient diets were provided in 500-kcal increments commensurate with each individual's estimated energy requirement adjusted for body weight. For example, the 2500-kcal diet was composed of 344 g carbohydrate, 83 g fat, and 94 g protein, with a target glycemic load of 200 (high) or 100 (low). These target loads were chosen for 2 reasons: they were achievable with the foods available to the dietitian, and they closely represented the highest and lowest quintiles of glycemic load observed in a representative sample of adult women in the US (1). Any food or beverage not consumed was returned and weighed to estimate the actual amount consumed. The test meals were developed using ProNutra software (version 3.2.1.0, Viocare Technologies) and standardized to 625 kcal (86 g carbohydrate, 21 g fat, and 23 g protein).
Bioassays. Blood samples were assayed using commercially available RIA (Linco) to measure plasma total ghrelin [assay sensitivity = 93 pg/ mL (27.9 pmol/L)] and serum insulin [assay sensitivity = 2.0 mIU/mL (13.9 pmol/L)]. Serum glucose was determined by an Ortho Clinical Diagnostics Vitros 950 analyzer [University of North Carolina Hospitals; assay sensitivity = 20 mg/dL (1.11 mmol/L)].
Statistical analysis. Prior to analysis, AUC were calculated for ghrelin, insulin, and glucose with the trapezoidal method. In addition, insulin sensitivity was calculated using the Quantitative Insulin Sensitivity Check Index (32) on the basis of fasting insulin and glucose concentrations that were obtained at study entry. Mixed-model analyses were performed to assess the effects of race (black, white), obesity (yes, no), and glycemic load (high, low) on the ghrelin AUC , insulin AUC , glucose AUC , and insulin sensitivity. To account for the correlation between the repeated observations within participants, a compound symmetric correlation matrix was assumed and was found to fit the observed correlation in the data. All main effects and 2-way and 3-way interaction terms were tested. Secondary analyses featured similar types of analyses that focused on assessing race, obesity, glycemic load, and sampling time main and interactive effects on ghrelin, insulin, glucose, subjective appetite, and meal characteristic levels. In both sets of analyses, significant interactive effects were followed by a post hoc comparison of least squares means for interpretation. The participants were encouraged but not forced to eat the test meals in entirety, resulting in small-magnitude individual differences in the glycemic load and macronutrient percentages actually consumed during each of the test meals. Thus, to evaluate the influence of individual differences in these factors, models were subsequently tested while controlling for actual test meal glycemic load, total energy, and percentages of protein, carbohydrate, and fat. All analyses were carried out using SAS software (v. 9.2, SAS Institute) and P , 0.05 was considered significant. Data in the text are unadjusted mean 6 SD.
Results
Baseline measures. Characteristics of the sample at study entry are presented in Table 1 . Age (P = 0.01), BMI (P , 0.001), fasting glucose (P = 0.01), and fasting insulin (P = 0.009) were higher and insulin sensitivity (P , 0.001) was lower in obese women (n = 20) compared with normal-weight women (n = 20). The race effect and the race 3 obesity interaction effect were not significant for age, fasting glucose and insulin, and insulin sensitivity.
Outpatient diet and test meal actual glycemic load intake. The glycemic loads of the high and low outpatient diets were 213 6 31.2 and 108 6 25.2, respectively. During the test meals, the glycemic loads were 59.1 6 5.94 and 31.1 6 3.61 for the high and low meals, respectively. There were no significant differences between black and white women or between obese and normal-weight participants in test meal glycemic load (data not shown).
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Obesity effects. The glucose AUC (P = 0.009) and ghrelin AUC (P = 0.002) differed between obese and normal-weight women; the insulin AUC also tended to differ by obesity status (P = 0.06). Compared with normal-weight women, obese women had a greater peak glucose response, higher postprandial glucose and insulin concentrations, a lower fasting ghrelin concentration, and a blunted ghrelin response (i.e., less suppression) (Fig. 1) . Ghrelin was suppressed to 24.3% below the fasting concentration in the normal-weight group and 15.3% in the obese group. The diet 3 obesity and race 3 obesity interactions were not significant for the glucose AUC , insulin AUC , and ghrelin AUC .
Glycemic load effects. Fasting concentrations of glucose, insulin, and ghrelin did not differ by glycemic load; however, glycemic load affected the glucose AUC (P = 0.01), insulin AUC (P = 0.02), and ghrelin AUC (P = 0.0008). These effects were essentially unchanged when accounting for the fact that not every participant consumed every morsel of food provided during each of the 2 test meals (i.e., when we accounted for individual differences in actual consumption). For example, the effect of the high-compared with the low-glycemic load meal on the ghrelin AUC remained significant when we accounted for total energy (P = 0.0008) as well as the percentage of fat (P = 0.0009), carbohydrate (P = 0.0007), and protein (P = 0.0009), and also glycemic load (P = 0.0007). The peak glucose response was greater and postprandial glucose and insulin concentrations were higher after the high-compared with the low-glycemic load meal; however, contrary to our hypothesis, the overall ghrelin response (i.e., ghrelin suppression) was greater after the highthan the low-glycemic load meal (Fig. 2) . The mean ghrelin suppression below fasting concentration was 22% after the high-glycemic load meal and 18% after the low-glycemic load meal. The mean maximal ghrelin suppression was 25% after the high-glycemic load meal and 23% after the low-glycemic load meal. For both meals, the maximal ghrelin suppression was observed at min 105; this level of suppression was maintained through min 120 following the high-glycemic load meal but not following the low-glycemic load meal.
Race effects. Fasting ghrelin tended to be lower in black (182 6 12.0 pmol/L) than in white (223 6 13.8 pmol/L) women (P = 0.06), but race did not affect fasting insulin and glucose or the glucose AUC , insulin AUC , and ghrelin AUC . However, the glycemic load effect on the glucose AUC differed by race (P-interaction = 0.02), with similar trends observed for the insulin AUC (Pinteraction = 0.07) and ghrelin AUC (P-interaction = 0.08) (Supplemental Table 2 ). These effects were essentially unchanged when models were controlled for individual differences in actual consumption during test meals. Compared with the low-glycemic load meal, the high-glycemic load meal was associated with greater glucose AUC (P = 0.001) and insulin AUC (P = 0.005) in white women; in black women, glycemic load did not affect the glucose AUC or insulin AUC (Fig. 3) . Similarly, the high-glycemic load meal was associated with a lower ghrelin AUC (i.e., greater ghrelin suppression) in white women (P = 0.0005) but not in black women, although individual ghrelin responses to the glycemic load meals varied within each group (Supplemental Fig. 1 ).
Subjective appetite ratings and meal characteristic effects. Compared with the low-glycemic load meal, the high-glycemic load meal had higher visual appeal (P = 0.05), taste (P = 0.01), and palatability (P = 0.04) (data not shown). The urge to eat AUC was higher after the high-glycemic load meal (data not shown in graph; P = 0.05); by visual inspection of the data, this effect appeared to be greater in magnitude in white than in black women, although the diet 3 race interaction was not significant (P = 0.16) (Supplemental Fig. 2 ). All other results for subjective appetite and cravings were not significant.
Discussion
Compared with the high-glycemic load meal, the low-glycemic load meal resulted in lower postprandial glucose and insulin responses and a lesser postprandial rating of urge to eat. These results extend those recently reported by Krog-Mikkelsen et al. (30) , in which postprandial glucose and insulin were lower and ratings of fullness were higher in a group of women who consumed a low-glycemic diet for 10 wk compared with a group of women who consumed a high-glycemic diet for 10 wk. Contrary to our hypothesis, however, the low-glycemic load meal was associated with a lesser rather than a greater postprandial ghrelin suppression. These findings challenge the notion that the satiating effect of a low-glycemic load meal is directly linked to enhanced postprandial ghrelin suppression resulting in diminished appetitive signaling. Instead, the extent and pattern of postprandial ghrelin suppression appeared to be more closely linked to the insulin response, which was enhanced after high glycemic intake. However, it is important to consider that the duration of the postprandial window in the current study was 3 h. Thus, our data do not address whether the duration (as opposed to degree or magnitude) of ghrelin suppression below the baseline fasting concentration or the extent of ghrelin rebound above the baseline fasting concentration differed as a function of glycemic load in a later postprandial window. Foster-Schubert et al. (27) showed that ghrelin concentrations remained suppressed below the fasting baseline for 6 h after both protein and fat intake but rebounded and actually exceeded baseline concentrations 4 h after carbohydrate intake. Therefore, we cannot rule out the possibility that ghrelin is suppressed below the fasting baseline for a longer duration following a low-compared with a high-glycemic load meal and that this dynamic is responsible for the prolonged satiating effect ascribed to low glycemic intake and the potential weight mainte- nance benefits of a low-glycemic diet. Studies that compare highand low-glycemic load effects on ghrelin and subjective appetite after breakfast, lunch, and dinner spaced $5 h apart may be instrumental in addressing this question. Further studies are also warranted to better understand the functional significance of a 4% difference in ghrelin suppression, which was the mean difference between the high-and low-glycemic index meals. Clearly, some individuals were more responsive to the dietary manipulation than others and it is worthwhile to consider the applicability of this individual difference to dietary prescription for health benefits. Notably, our findings suggest that the hormonal and subjective appetite effects of glycemic load were collectively greater in magnitude in white than in black women. In white women, insulin and glucose responses, urge to eat, and ghrelin suppression were significantly less after the low-compared to the high-glycemic load meal. However, within the subset of 20 black women, the effect of glycemic load was nonsignificant across all outcome measures. For white women, these findings underscore the connection between ghrelin and insulin as well as the role of insulin in the satiating effect of low-glycemic load meals. For black women, to the extent that these results are reproducible in larger samples of women, these findings challenge the generalizability of nutritional counseling and dietary intervention for glucose or appetite control based on glycemic load. Our data also add to a growing literature indicating racial differences in postprandial appetite hormone responses (19, 25, 26) , including blunted ghrelin suppression in blacks compared with whites (25) . In the FIGURE 2 Pre-and postprandial circulating concentrations of glucose (A), insulin (B), and total ghrelin (C) in normal-weight and obese black and white women after high-and low-glycemic load test meals. Data are unadjusted mean 6 SE, n = 40. Different from lowglycemic load at that time, *P , 0.05; **P , 0.001; ***P , 0.001 FIGURE 1 Pre-and postprandial circulating concentrations of glucose (A), insulin (B), and total ghrelin (C) in normal-weight and obese black and white women after high-and low-glycemic load test meals. Data are unadjusted mean 6 SE, n = 40. Different from obese at that time, *P , 0.05; **P , 0.001; ***P , 0.001.
Racial differences in glycemic load effects 1243 present study, independent of obesity status, black women tended to have a lower fasting ghrelin concentration compared with white women. Generally, lower fasting ghrelin concentrations and blunted postprandial suppression are associated with insulin resistance and higher BMI; however, our groups of black and white women did not differ on these measures. Further studies are needed to determine whether the observed racial differences in ghrelin regulation are innate or rather due to longterm dietary (or other) exposures not accounted for thus far. It has been suggested, but remains to be shown, that racial differences in postprandial ghrelin could contribute to racial disparities in obesity. The current findings encourage further examination of ghrelin 3 diet/environment interactions that may uniquely contribute to the pathogenesis of obesity among African American women. In addition to its primary role in food intake, ghrelin acts directly on the heart and vasculature (33) ; therefore, it also may be worthwhile to consider ghrelin's role in racial disparities in obesity-related comorbidities.
There are several limitations to our study. First, the sample size was relatively small; however, the black and white participants within obesity subgroups were closely matched on BMI, age, and insulin sensitivity. Nonetheless, future studies might improve on our study design by evaluating insulin sensitivity under dynamic conditions (e.g., oral glucose tolerance test or euglycemic clamp) rather than relying on fasting values to estimate insulin sensitivity. A larger sample size might also permit more detailed examination of the relations among hormonal and subjective appetite responses as well as the functional significance of the observed differences in peripheral hormone levels. Future studies also may benefit from recent advances in assay techniques, which offer enhanced specificity for detecting postprandial changes in ghrelin (34) . A second limitation of our study is that it did not address the extent to which racial differences in ghrelin response reflect racial differences in body composition. Future studies that measure body fat percentage or distribution, rather than simply BMI, may help clarify these relations. Future studies may also benefit by including measures of psychological factors that may affect appetite hormone responses (35) and examining other appetiteregulating hormones such as glucagon-like peptide-1 and cholecystokinin. Furthermore, including other racial minorities, men and children, and individuals with diabetes in future studies will maximize the understanding of both the limitations and benefits of dietary glycemic load at a population level. Finally, we cannot rule out the possibility that the outpatient preload diets may have obscured preexisting racial differences in glycemic load and its effect on ghrelin, insulin, or glucose. Future studies could directly address this question by assessing postprandial responses both before and after dietary glycemic manipulation.
In summary, our findings demonstrate that postprandial insulin, glucose, ghrelin, and subjective appetite respond to glycemic load in an integrated manner in white but not black women. Future studies are needed to determine whether overweight and diabetic black women benefit from a longer term, low-glycemic load intervention to the same extent as their white counterparts and whether racial differences in the weight and glucoregulatory effects of a low-glycemic load intervention are mediated by ghrelin. At an even more fundamental level, it is provocative to consider whether the racial ethnic diversity of the population used to compile the glycemic values of foods was sufficient and whether this issue warrants further study. normal-weight and obese women after high-and low-glycemic test meals. Data are unadjusted mean 6 SE, n = 20. Different from low-glycemic load at that time, *P , 0.05; **P , 0.001; ***P , 0.001.
